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Abstract. In order to reliably estimate the rate of a charged particle induced nuclear reaction in a non-
explosive astrophysical scenario, its cross-section must be measured far below the Coulomb barrier. How-
ever, at the corresponding energies the cross-section values are very low, so that the experimental counting
rate is dominated by cosmic-ray induced background, even if a suitable anticoincidence shield is applied.
This problem can be overcome by performing an accelerator-based experiment in a deep underground site,
as has been done with great success at the LUNA 0.4MV accelerator in Gran Sasso, Italy. Several under-
ground accelerators with higher beam energy are in the planning phase worldwide. All of them are shielded
by over 1000m of rock, a depth at which cosmic-ray eﬀects are negligible for the purposes of nuclear astro-
physics experiments. It is shown here that a combined approach, using a shallow-underground laboratory
below 47m of rock and an active shield to veto surviving muons in simple detectors, results in a background
level that is not far from that of deep underground sites. Data have been obtained using two “traveling” γ-
detectors. They have been transported both shallow underground, to the Dresden Felsenkeller in Germany,
and deep underground, to the Gran Sasso laboratory in Italy. As shallow-underground facilities are more
easily accessible than deep-underground ones, the present ﬁnding holds the promise of greatly accelerated
progress in the ﬁeld of cross-section measurements for nuclear astrophysics.
1 Introduction
Many nuclear physics inputs are needed for the model-
ing of astrophysical scenarios [1–3], and progress must be
made on two frontiers: Nuclei far from the valley of β-
stability will become accessible at next generation radioac-
tive ion beam facilities. For reactions of stable nuclei, the
frontier is given by the lack of precise cross-section data
at low energy.
These reactions are generally well studied at high en-
ergies, above the Coulomb barrier. However, the astro-
physically relevant energy range lies far lower. Since ex-
trapolations are fraught with uncertainty, it is desirable to
measure the cross-section directly at the relevant energy,
or at least close to it. There, the cross-section is very low,
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so low that the laboratory background counting rate in a
detector becomes a limiting factor.
This limitation can be overcome by placing the en-
tire laboratory in a low-background setting underground.
Rock overburdens of a few meters thickness suppress
the nucleonic component of the cosmic-ray induced back-
ground to negligible levels [4]. However, the muonic com-
ponent is only slowly attenuated when proceeding to
greater depth [5]. Muons produce neutrons inside the
shielding or the detector itself [6], giving rise to a back-
ground that is diﬃcult to suppress. In order for the muon
ﬂux to become negligible, depths of 1000m of rock or
more are required [7]. This depth has been selected with
great success by the Laboratory for Underground Nu-
clear Astrophysics (LUNA). LUNA is placed in the Gran
Sasso laboratory in Italy, below 1400m of rock, and with
uniquely low background [8–10]. It hosted ﬁrst a 50 kV
accelerator and now a 0.4MV single-ended accelerator for
1H+ and 4He+ ions [11].
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In recent years, underground nuclear astrophysics ex-
periments have helped put the understanding of nuclear
fusion in our Sun on ﬁrm experimental ground [12–17]. For
further progress, new data at higher energies are needed.
A recent expert forum on solar fusion cross-sections called
for new data, e.g., on the 3He(α,γ)7Be reaction. The same
forum also highlighted the need for a higher-energy under-
ground accelerator [18].
Several astrophysical scenarios other than the Sun re-
quire new and precise cross-section data for their mod-
eling, as well. This is the case for the reactions of
Big Bang nucleosynthesis [19]. In stars heavier than the
Sun, hydrogen burning proceeds to higher masses, and
there are a number of reactions requiring more precise
study [20]. After hydrogen burning, helium and then car-
bon burning ensues. The relevant reactions of helium
burning are still not understood on a suﬃcient level of
precision [21]. This applies, e.g., to the 12C(α,γ)16O,
16O(α,γ)20Ne, and 18O(α,γ)22Ne reactions. Similar con-
siderations are valid for the reactions of carbon burn-
ing [22], e.g., 12C(12C,p)23Na, and for the neutron source
reactions powering the astrophysical s-process.
All these cases involve light, stable nuclei as beams
and targets, and the in-beam detection of γ-rays or neu-
trons. Therefore, they can be studied at ion accelerator
facilities with a few MV accelerating potential and suﬃ-
cient beam intensity, provided the laboratory background
is low enough. Indeed, there is a call for new underground
accelerators [23,24]. Relevant projects have been proposed
in deep-underground settings, below a rock overburden of
1000m or more [11,24,25].
It is shown here that already shallow-underground
sites present satisfactory background conditions for a
number of nuclear astrophysics experiments, if a suitable
active shield, surrounding either just the detector or
the whole laboratory, suppresses remaining muons. As
a demonstration, a study of background in γ-ray detec-
tors in the Felsenkeller shallow-underground laboratory
(47m rock overburden) in Dresden (Germany) has been
carried out.
For underground accelerator-based experiments, the
Q-value of a typical radiative capture reaction is usu-
ally much larger than the beam energy E in the center-
of-mass system. Therefore, the γ-ray energy for capture
to the ground state Eγ = Q + E (neglecting the small
Doppler and recoil corrections) is usually dominated by
the Q-value, and in many cases Eγ > 2.615MeV. The
background and the feasibility of radiative capture exper-
iments strongly depend on the γ-ray energy.
In sect. 2, the background for Eγ ≤ 2.615MeV is
reviewed at diﬀerent sites, based on literature data.
The main characteristics of the Felsenkeller shallow-
underground facility included in this background compar-
ison are described in sect. 3. In sect. 4 and 5, a back-
ground comparison between the Earth’s surface, shallow-,
and deep-underground sites is performed by subsequently
transporting one and the same detector to each of the
three sites. The implications for the feasibility of experi-
ments using simple single-detector setups underground are
discussed in sect. 6, and a summary is given in sect. 7.
Fig. 1. (Color online) Review of previous background data us-
ing HPGe detectors without active shielding, but with full lead
and copper shield. The data are rescaled to match 122% rela-
tive eﬃciency. Earth’s surface (black dotted line [26]), shallow
underground (red dashed line [27]), deep underground (blue
full line [9]).
2 Review of previous data on the background
in passively shielded germanium detectors at
several depths
Before turning to the new experimental data obtained
here, in the present section the background situation in
detectors without active shielding underground is brieﬂy
reviewed based on the literature. The discussion concen-
trates on γ-energies below the 2.615MeV line of 208Tl,
where abundant data are available [4]. Data from nuclear
astrophysics related setups are selected for this compari-
son, where possible.
At these γ-energies, a thick lead shield is essential to
suppress the background from radionuclides. However, an
additional rock overburden also helps reduce the contin-
uum component of the background [4]. Published data
from three well-shielded p-type HPGe detector setups,
each of them with the optimal shielding conﬁguration for
its depth [4], are shown to illustrate this point:
1) The ﬁrst HPGe detector is hosted in a 15 cm thick lead
shield at the Earth’s surface [26]. For surface-based
experiments, 15 cm is the optimum shielding thickness,
as the background does not decrease signiﬁcantly when
using even thicker shields [4].
2) The second HPGe detector is contained in a shield of
15 cm lead and 5 cm copper shallow underground at
Felsenkeller [27] (see also sect. 3 of the present work).
3) The third one is hosted in a shield of 25 cm lead and
4 cm copper deep underground at Gran Sasso, in a
setup dedicated to ultra-low background in-beam γ-
spectrometry [9].
The relative eﬃciencies of the three detectors are of the
same order of magnitude (100% [26], 90% [27], 137% [9]).
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Fig. 2. Cross-section of tunnel IV of the Felsenkeller under-
ground facility. The current underground counting facility with
its two measuring chambers MK1 [28] and MK2 [29] is also
shown. The inset shows the makeup of the shielding of mea-
suring chamber MK2, from the outside (top) to the inside (bot-
tom).
In order to facilitate a quantitative comparison between
their background levels, the counting rates from the three
detectors are rescaled to match 122% relative eﬃciency,
the eﬃciency of the HPGe detector used in sect. 5.
From this limited review of published data, concen-
trating on nuclear astrophysics related setups, it can be
seen that for 0.100MeV ≤ Eγ ≤ 2.615MeV, the back-
ground shallow underground is a factor 40 lower than
at the Earth’s surface, and again a factor 3–20 lower
deep underground (ﬁg. 1). As a consequence, passively
shielded shallow-underground facilities may provide some
kind of intermediate solution between surface-based and
deep-underground experiments, when it comes to in-beam
γ-spectrometric experiments for nuclear astrophysics with
detected γ-rays of Eγ < 2.615MeV.
3 The Felsenkeller site and laboratory
The Felsenkeller area is located in an ancient quarry in
the Weißeritz valley, 5 km from Dresden city center. The
underground facility consists of nine tunnels, called tunnel
I–IX, that have been dug in the 1850’s to host the ice cellar
of the nearby Felsenkeller brewery.
A low-background radioactivity counting facility was
installed in 1982 in tunnel IV [28], with a measuring cham-
ber called MK1 that was shielded by a low-radioactivity
serpentinite rock. In 1995, a new measuring chamber
called MK2 has been added to the facility [29]. The walls
of MK2 are 36 cm thick, in part consisting of old, 60Co-free
steel from an epoch predating the nuclear age (ﬁg. 2). The
average rock overburden above the VKTA facility is 47m,
equivalent to 110m water (m.w.e.), leading to a reduction
of the muon ﬂux by a factor of 30–50 depending on the
angle being studied.
The analytics facility of tunnel IV, operated by VKTA
Dresden, is a founding member of the European CEL-
LAR Collaboration of underground low-background labo-
ratories. It hosts several HPGe γ-detectors and a tritium
counting facility. Recently a new ultra-low background
germanium detector made of specially selected compo-
nents went into operation [27]. In recent years, also nu-
clear astrophysics [30] and rare nuclear decay [31] studies
have been performed at Felsenkeller.
Tunnels I–III and V–IX are used as storage sites by
local businesses. They have a typical diameter of 6m and
the same rock overburden as tunnel IV.
4 New data using a “traveling” LaBr3
detector
In order to extend the background comparison performed
in sect. 2 to higher γ-energies, 2.615MeV < Eγ , two new
experiments have been performed1. In both cases, one and
the same detector has been used subsequently at the three
sites Earth’s surface, shallow underground, and deep un-
derground. By using exactly the same device, any observed
background diﬀerences can be attributed to the character-
istics of the laboratory, not the ones of the speciﬁc detec-
tor.
The shallow-underground data for the comparison
have been recorded in the MK2 chamber of Felsenkeller
(sect. 3). Deep-underground data have been taken in the
Gran Sasso laboratory in Italy (1400m rock overburden).
The comparison data at the Earth’s surface have been
taken in the basement of a three-story building on the
HZDR Rossendorf campus. In the present section, the
measurements with a lanthanum bromide (LaBr3) detec-
tor are presented. Data with a high-purity germanium
(HPGe) detector are shown in the subsequent sect. 5.
The LaBr3 detector had a cylindrical shape with 6.5 cm
length, 8.3 cm diameter, and 350 cm3 volume. For the mea-
surements at the Earth’s surface and at Felsenkeller, it was
inserted in the center of a large BGO anticompton shield
of 23 cm length that had been designed for the use with a
EUROBALL Cluster detector.
Up to the 2.615MeV line of 208Tl, the LaBr3 spec-
trum (ﬁg. 3) is dominated by the intrinsic 138La activity
of LaBr3 and by quenched α-particles from the decay of its
intrinsic 227Ac contamination [32]. Consequently, at these
γ-energies the observed counting rate does not depend on
the rock overburden at the laboratory. In the range from
2.615MeV up to 5MeV, the eﬀect of pileup of α-emitters
in the crystal is visible, which again leads to a sizable
depth-independent contribution to the counting rate. Be-
cause of these eﬀects, only the part of the LaBr3 spectra
above 5MeV is used for the comparison, where 138La, nat-
ural radionuclides, and α-emitters in the crystal do not
play a role.
1 In this work, the symbol Eγ is used throughout to denote
the γ-ray equivalent energy at which the background is regis-
tered in the detector under study.
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Fig. 3. (Color online) Background in one and the same actively
shielded LaBr3 detector: Earth’s surface, without (black dotted
line) and with (black dot-dot-dashed line) active muon veto.
Shallow underground, without (red dashed line) and with (red
dot-dashed line) active muon veto. Deep underground without
active muon veto (blue solid line).
For 5MeV < Eγ < 12MeV, the counting rate at the
Earth’s surface is dominated by the energy loss of pass-
ing or stopping muons, and by the capture of energetic
neutrons created by muons in material surrounding the
detector. Both these eﬀects are attenuated in the shallow-
underground laboratory Felsenkeller (red dashed line in
ﬁg. 3), where the muon ﬂux is reduced by a factor of 30.
The remaining muons, but not the neutrons produced by
them, are suppressed further by applying the active shield
(red dot-dashed line in ﬁg. 3).
Deep underground, the muon ﬂux is a factor 106 lower
than at the surface, but the counting rate in the 5MeV <
Eγ < 12MeV region is only a factor 103 lower. This sup-
pression factor of 103 is consistent with previous work [8,
10]. It is due to the fact that a depth-independent ﬂux of
high-energy neutrons created by (α,n) reactions and spon-
taneous ﬁssion of 238U in the rock [33] dominates the deep-
underground background. A neutron shield would help
here, but the counting rates deep underground are already
suﬃciently low without it [8]. For the deep-underground
run with this detector, no active shield was used.
For 12MeV < Eγ , neutrons play less of a role, and
the eﬀect of the muon ﬂux reduction with depth and/or
active shield is well visible. No counts were observed in
30 h counting time in the deep-underground spectrum in
this energy range, so the given value for 12MeV < Eγ is
a 1σ upper limit.
5 New data using a “traveling” HPGe
detector
The second ”traveling” detector was a Clover-type HPGe
detector of 7.1 cm length, with a tapered front face of
8.2–9.1 cm sidelength and 470 cm3 volume. It is conﬁg-
ured in addback mode [34] (122% relative eﬃciency) and
Fig. 4. (Color online) Schematic view of the HPGe detector
(four sections: green, red, black, and blue) and its BGO escape-
suppression shield (yellow) that were used for the present
study. Dimensions are given in mm. The four individual crys-
tals have a tapered cylindrical shape. Left panel: View from
the side. Right panel: Front view.
used in anticoincidence with a surrounding BGO scintilla-
tor of 24 cm length (ﬁg. 4). The BGO escape suppression
thus forms also an eﬃcient muon veto. Further details on
this particular detector are included in a previous publi-
cation [10]. In that paper, the deep-underground spectra
of this device have already been published [10].
For the purposes of the present work, additional runs
were maken with the same detector in the Felsenkeller
shallow-underground laboratory, and at the Earth’s sur-
face in the basement of a three-story building on
the HZDR Rossendorf campus. The surface-based data
showed the so-called muon peak [35] at 50–60MeV in this
detector’s spectrum, roughly the energy expected for its
size. This peak is suppressed by a factor of 160 by the BGO
anticoincidence, showing how eﬃciently this suppression
works.
This detector was then transported to Felsenkeller
(spectrum in ﬁg. 5). Naturally occurring radionuclides
dominate the background up to the 2.615MeV line of
208Tl. Note that in this energy region and in this de-
tector, the shallow-underground background is even lower
than the deep-underground one. This surprising fact is
due to the thick iron and lead walls of the MK2 measur-
ing chamber in Felsenkeller, whereas no similar shielded
chamber was used at Gran Sasso. For the LaBr3 detector
discussed in sect. 4, the eﬀect of the MK2 walls was less
striking due to its higher intrinsic background. Still, for
an inter-laboratory comparison the data with the travel-
ing HPGe and LaBr3 detectors should only be used above
the 2.615MeV line of 208Tl.
As in the case of the LaBr3 detector, in order to com-
pletely exclude depth-independent eﬀects such as the MK2
walls and intrinsic α-emitters from a 210Po contamina-
tion [36], the comparison should be limited to the high-
energy region, 5.3MeV ≤ Eγ . Indeed, the eﬀect of the
BGO active shield is best seen in this region, where muon-
induced eﬀects dominate.
For 5.3MeV ≤ Eγ ≤ 8.0MeV, the counting rate with-
out active shield is dominated by the energy loss of pass-
ing muons, both in the surface-based and in the shallow-
underground runs. The ratio of the surface to the shallow-
underground data is a factor of 40, the same as the sup-
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Fig. 5. (Color online) Background in one and the same Clover HPGe detector: Earth’s surface, without (black dotted line) and
with active muon veto (black dot-dot-dashed line). Shallow underground, without (red dashed line) and with active muon veto
(red dot-dashed line). Deep underground [10] (limited to 0–8MeV), without (blue solid line) and with active muon veto (blue
short dashed line).
pression of the muon ﬂux. Deep underground, an addi-
tional factor of 3×104 suppression is expected for the di-
rect eﬀects of muons, bringing this source of background to
a negligible level. Instead, as discussed above, again depth-
independent neutrons emitted from the walls of the labo-
ratory due to (α,n) reactions dominate the counting rate.
These neutrons are not aﬀected by the escape-suppression
shield, so the deep-underground counting rate with and
without muon veto is the same in this energy region [10].
As a result, for 5.3MeV ≤ Eγ ≤ 8.0MeV the counting
rate in one and the same detector deep underground is
only a factor 2.4±0.3 lower than shallow underground, if
an active muon veto is used. Due to the dynamic range
of the deep-underground data for this particular detector,
no direct comparison is possible for 8.0MeV < Eγ , but
the trend can be estimated from the LaBr3 data, which
extend to higher energies.
6 Implications for the feasibility of
accelerator-based experiments
In order to gauge the feasibility of accelerator-based exper-
iments on radiative capture reactions, some real or hypo-
thetical setup has to be assumed. Depending on whether
the γ-rays to be detected lie outside the range of nat-
ural radionuclides (Eγ > 2.615MeV) or inside it (Eγ
≤ 2.615MeV), diﬀerent shielding scenarios are optimal,
therefore for those two γ-energy ranges two diﬀerent se-
tups called setup A and B, respectively, are assumed.
Setup A: For reactions with emitted γ-rays of Eγ >
2.615MeV, as discussed above γ-lines from environmen-
tal radionuclides do not play a role, and a lead shield
around the detector or around the whole counting room
as in the MK2 case cannot be expected to further improve
the background. Therefore, for these reactions a setup
used previously for in-beam γ-spectroscopy experiments
at LUNA [16,10,17] is selected for the feasibility discus-
sion. Setup A consists of the present Clover HPGe detec-
tor (sect. 5), with its endcap at 9.5 cm distance from the
target and the present active BGO veto. For this setup,
a typical random veto rate of 1% due to background hit-
ting the BGO has been found [10]. For γ-rays emitted in
cascade, a typical peak suppression of 5% has been ob-
served due to the second γ-ray of a cascade hitting the
BGO shield [16,17]. The latter eﬀect vanishes for a single
emitted γ-ray, as in capture to the ground state of the
compound nucleus.
Setup B: For reactions with emitted γ-rays of Eγ <
2.615MeV, a lead shield is necessary to suppress envi-
ronmental γ-lines. For studying these cases, the present
LaBr3 and HPGe data (sect. 4 and 5) cannot be used due
to the lack of proper lead shielding. It would have been
prohibitively diﬃcult to transport not only the detectors,
but also one and the same full lead shield to the above
discussed three sites. For the cases with Eγ < 2.615MeV,
instead the previous background data from well-shielded
setups (sect. 2) are used, rescaled for their relative eﬃ-
ciencies as stated above (ﬁg. 1). The same detector-target
distance as in setup A is assumed. This hypothetical setup
is called setup B.
A typical target of 6·1017 active target atoms/cm2
is assumed, with the composition given in table 1. The
S-factor or resonance strength and branching ratio are
adopted from the given reference (table 1). A beam inten-
sity of 250 particle-μA is assumed.
For the cases considered here, one or more γ-rays are
emitted per reaction. However, in many cases including
most of the examples given here, capture to the ground
state dominates at the energies under study, or is even
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Table 1. Signal counting rate in a single-detector setup for capture to the ground state of the ﬁnal nucleus, at the center-of-mass
energy E. For 12C in Au, a ratio of 5:1 [37] is assumed. See the text for further details. The background counting rate at diﬀerent
depths is also given.
Reaction E Ref. γ-ray ROI Target Setup Full energy peak Signal Laboratory background counting rate [h−1]
[keV] [keV] γ-eﬃciency [h−1] Earth’s surface Shallow undergr. Deep undergr.
12C(12C,p)23Na(a) 2200 [22] 438-441 12C in Au B 9.0×10−3 0.80 20.3 ± 0.5 0.53 ± 0.02 0.179 ± 0.018
3He(α,γ)7Be 200 [38] 1779-1789 3He gas B 3.9×10−3 190 10.5 ± 0.4 0.250 ± 0.016 0.010 ± 0.004
12C(p,γ)13N 80 [39] 2009-2027 12C in Au B 3.5×10−3 0.52 14.6 ± 0.4 0.39 ± 0.02 0.017 ± 0.005
16O(α,γ)20Ne 1300 [40] 5991-6035 Al2O3 A 1.2×10−3 0.025 1.39 ± 0.05 0.039 ± 0.007(b) 0.021 ± 0.006
12C(α,γ)16O 800 [21] 7929-7968 12C in Au A 8.9×10−4 0.018 0.59 ± 0.05 0.024 ± 0.008(b) 0.006 ± 0.004
18O(α,γ)22Ne 385 [41] 10045-10058 Al2
18O3 A 6.7×10−4 0.045 0.082± 0.005 0.0015±0.0006(b) 0.0006±0.0004(c)
15N(p,γ)16O 70 [42] 12163-12205 Ti15N A 5.3×10−4 0.012 0.188± 0.013 0.0019±0.0011(b) < 0.0002(c)
(a) Decay of the ﬁrst excited state of 23Na.
(b) Consistent background is found with the present Clover HPGe detector in an unshielded part of the Felsenkeller facility outside MK2.
(c) Rescaled from the LaBr3 background.
the only signiﬁcant reaction mechanism. For these cases,
the region of interest (ROI) width has been determined
from the energetic target thickness, folded with the resolu-
tion. For the ﬁxed-energy γ-rays from the 12C(12C,p)23Na
and 18O(α,γ)22Ne reactions, the width of the γ-ray ROI
is taken as two times the full width at half maximum
(FWHM) γ-energy resolution.
It should be noted that the given background levels are
a lower limit, neglecting ion beam induced background.
However, this latter problem usually did not limit exper-
iments at LUNA [11].
In principle, an experiment is also possible when the
signal is much lower than the background. However, the
time required to reach a given statistics scales with the ra-
tio of background to signal. The running times for the type
of experiment discussed here are of the order of weeks or
even months per data point, so that an experiment cannot
be concluded in a realistic time when the background is
much higher than the signal. Therefore, the signal count-
ing rate should be higher than or at least comparable to
the background in order for experiments to be feasible.
When adopting this criterion, it is apparent that for
ﬁve of the reactions listed, an experiment at the surface
of the Earth is impossible. For the remaining two, namely
3He(α,γ)7Be and 18O(α,γ)22Ne, recent experiments at the
Earth’s surface either did not reach low energies [43] or
were still limited by background [41].
When comparing the background values at the three
sites listed in the right three colums of table 1, two obser-
vations can be made. First, for all the cases studied here,
the shallow-underground scenario oﬀers already a back-
ground that is a factor of 25–100 lower than at the Earth’s
surface, suﬃciently low for the experiments to be feasible.
Second, the background in deep underground is even lower
than that in shallow underground: In the vetoed setup A
for 5.3MeV < Eγ < 8.0MeV, by a factor of 2.4±0.3. In
the non-vetoed setup B for 1.5MeV < Eγ < 2.7MeV, by
a factor of 19±1. A smaller diﬀerence is observed at lower
energy, Eγ ≈ 0.4MeV, where bremsstrahlung from 210Bi
dominates the particular deep-underground spectrum [9]
















































Fig. 6. (Color online) Top panel: Astrophysical S-factor for
ground-state capture in 12C(α,γ)16O, from R-matrix ﬁts for
its E1 [21] and E2 [44] contributions. The energy range with
(without) experimental cross-section data is indicated by a full
(dashed) line. Bottom panel: Predicted 12C(α,γ)16O counting
rate in the present single-detector setup A, compared to the
background in the various sites. The Gamow peak for T9 = 0.2
is also given, in linear scale.
In order to illustrate the gain in sensitivity when mov-
ing from the Earth’s surface to the diﬀerent underground
scenarios, the 12C(α,γ)16O reaction is selected. At astro-
physical energies, this reaction is believed to be domi-
nated by capture to the ground state in 16O [21], and for
this transition both high-energy experimental data and R-
matrix ﬁts [44,21] exist. There is about 30% uncertainty
in the extrapolated S-factor [21], whereas stellar model-
ers call for 10% precision [45]. Taking advantage of the
lower background, it is possible to approach the Gamow
peak signiﬁcantly in a shallow underground setting (ﬁg. 6),
halving the distance between the energies where data exist
and the astrophysical energy.
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The data also show that deep underground, it is possi-
ble to go even further down in energy, closer to the Gamow
peak. For the single-detector scenario considered here, the
counting rates would then become very low, less than one
count per week. As a consequence, probably much larger
detector arrays should be considered to fully exploit the
advantages of working deep underground.
For a large γ-detector array, the present escape-sup-
pression scheme of a BGO veto detector immediately sur-
rounding each germanium crystal is not practical any
more. Instead, a muon veto can in principle be achieved
in two diﬀerent ways: By covering the outside of the large
detector array with a veto detector that is many square
meters large [46], or by using many closely packed germa-
nium detectors that function as a veto detector for each
other, using γ-ray tracking and pulse shape discrimination
techniques [47].
A detailed study of how a large detector array with an
appropriate muon veto, which is complicated and costly to
build, would function in a deep- or shallow-underground
setting is beyond the scope of the present work. Instead,
here the feasibility discussion is limited to setups of much
lower complexity and cost, including just one detector, and
comparing one and the same detector in diﬀerent sites.
7 Summary
A dedicated study of the background in a standard in-
beam γ-spectroscopy setup has been performed at the
Earth’s surface and in shallow- and deep-underground fa-
cilities. Active shielding has been used to suppress the
direct eﬀects of cosmic-ray muons. Based on the data, the
feasibility of accelerator-based nuclear astrophysics exper-
iments has been evaluated for several key cases, in a single-
detector setup.
It has been shown that experiments at the surface
of the Earth are not a realistic option for any of the
reactions considered here. Instead, an underground set-
ting is needed. Owing to the fact that nuclear reaction
experiments require low but not ultra-low background
(e.g., [48]), the present data show that already shallow-
underground sites oﬀer satisfactory background conditions
for a number of in-beam γ-spectrometry experiments in a
single-detector setup. It was also shown that even better
background conditions are reached deep underground.
This ﬁnding opens the door for a complementary ap-
proach to place our understanding of stellar nucleosyn-
thesis on a ﬁrm experimental foundation, much the same
way as has been achieved with fusion in the Sun: The ease
of access to shallow-underground facilities and standard
detectors should be exploited to quickly gain low-energy
data near the Gamow peak, while large detector arrays in
deep-underground sites push the data limit even lower, in
some cases to astrophysical energies.
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